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Abstract 
Flow boiling experiments are conducted in straight- and oblique-finned microchannels with similar channel 
dimensions and operating conditions using the FC-72 dielectric fluid. Both the test pieces are made from a copper 
block with a footprint area of 25 mm × 25 mm and 40 parallel microchannels. The oblique cuts are created at a 
nominal oblique angle of 10° with a nominal width which is half of that of the parallel microchannels. Two mass 
fluxes at 175 kg/m2 s and 370 kg/m2 s, with heat fluxes from 14 W/cm2 to 42 W/cm2 are tested. Wall temperature and 
pressure fluctuations during the flow boiling process are presented in this article. It is found that the oblique-finned 
configuration considerably mitigates temperature and pressure instabilities at various operating conditions, apart from 
augmentation in heat transfer performance. The increased flow stability is attributed to the ability of the oblique fins 
in reducing flow reversal. These results show that the oblique-finned microchannels present an interesting thermal 
management technique for stabilised two-phase cooling. 
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1. Introduction 
Flow boiling in microchannels has become of great interest due to its effectiveness in thermal 
management in electronic devices. Electronic devices used in computer, biomedical and defense 
applications require high capacity cooling due to large power requirements and high heat dissipations. 
However, temperature and pressure instabilities associated with the flow boiling process greatly hinder its 
development in real-world applications. Therefore, many research efforts have been put into place to 
develop a more stabilised two-phase flow in microchannels. Thome [1] listed a number of challenges in 
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Nomenclature  
  
A Area [mm2]  Subscripts 
G  Mass flux [kg/m2 s] amb Ambient 
H Depth [mm] avg Average 
N Number of [-] ch Channel 
P Pressure [Pa] eff Effective 
Q Heat transfer rate [W] fin Fin 
q” Heat flux [W/cm2] in Inlet 
t Thickness [mm] loc3 Location of  the third (most downstream) 
T Temperature [°C]  temperature sensor 
w Width [mm] loss Loss 
 ob Oblique 
Greek symbols st Straight 
T  Oblique angle [°] wall Wall 
his review paper in the area of flow boiling instabilities in microchannels. Megahed [2] investigated the 
flow boiling and pressure drop characteristics of cross-linked microchannels with FC-72. Yen et al. [3] 
performed flow boiling experiments in a single microchannel with square and circular cross-sections. Lu 
and Pan [4] developed a highly stable microchannel heat sink by using artificial nucleation sites. Kuo and 
Peles [5] stabilised the flow boiling process in parallel microchannels using structured re-entrant cavities.  
Lee et al. [6] modified the conventional straight fin microchannels by introducing sectional oblique 
cuts at specific locations. The authors reported an improvement in heat transfer performance for the 
oblique fins of up to 2.2 times, with negligible pressure drop penalty. Recently, Law et al. [7] extended 
the above single-phase work into the two-phase region with the oblique fin structure. The authors 
highlighted the governing boiling mechanism at different operating conditions, as well as the role of the 
oblique cuts in providing an alternative pathway for bubbles and slugs. 
In view of the above work by Law et al. [7], this present study serves as a comparison between the 
oblique fins configuration with its straight fins counterpart in terms of their effectiveness in mitigating 
flow boiling instabilities. Instabilities in the form of wall temperature and inlet pressure fluctuations are 
evaluated and compared at different operating conditions for both microchannels. 
2. Experimental Setup 
Figure 1 shows the schematic diagram of the flow loop, with the list of equipment and sensors in Table 
1. Degassed FC-72 is stored in the fluid reservoir1 which has a capacity of 2.5 gallons (approx. 9.5 liters). 
The fluid is pumped through stainless steel tubings via a gear pump2 controlled by a variable-speed 
gear pump drive3, where its flow rate is monitored by a flow sensor4. The fluid is subsequently pre-heated 
before being fed into the test section. A needle valve is introduced before the test section to provide finer 
control of the flow entering the test section. 
At the test section, temperature readings are taken using RTDs5, whereas inlet pressure readings are 
obtained from pressure transmitters6. Heating is simulated in the test section by using four Watlow 
cartridge heaters powered by a programmable power supply unit7. A shunt resistor is used to connect the 
power supply unit to the cartridge heaters to enable voltage and current readings to be tapped out at the 
load side. A more comprehensive description of the test section is given in Law et al. [7]. 
FC-72 which passed through the heated test section is cooled down by a liquid-air condenser8 before 
allowing it to flow back to the fluid reservoir. The data from all different sensors are collected using two 
high-speed data acquisition (DAQ) systems9. The fluid is degassed overnight before every experimental 
run, carried out via a degassing unit10. 
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3. Microchannels Geometry 
The microchannel heat sink is made from a 25 mm × 25 mm copper block, on which 40 parallel 
microchannels are machined with wire-cut electro-discharge machining process. The dimensions and 
schematic of the oblique-finned microchannels are shown in Table 2 and Figure 2, respectively, with the 
photograph of the oblique fins in Figure 3. 
 
 
4. Experimental Procedure 
A detailed experimental procedure is given in Law et al. [7]. Two flow rates are tested at 100 ml/min 
and 200 ml/min, which corresponds to mass fluxes of G = 175 kg/m2 s and G = 370 kg/m2 s, respectively. 
The inlet temperature of FC-72 is maintained at 29.5°C, for heat fluxes of 14 W/cm2 up to 42 W/cm2. 
 
Table 1. List of equipment and sensors 
No. Device Model 
1 Fluid reservoir Portable wide mouth ASME 01 
EA pressure tank 304 SS 
2 Gear pump Micropump GA-T23.PFS.A 
3 Pump drive Cole Parmer 75211-15 
4 Flow sensor McMillan 104 Flo-Sen 5HY 
5 RTD Omega P-M-1/3-1/8-3-0-TS-3 
6 Pressure transmitter Omega PX409-015G5V 
7 Power supply unit Ametek Sorensen XG 300-5.6 
8 Condenser Thermatron 735SPC2A01 
9 DAQ National Instruments and 
Agilent 
10 Degassing unit Gastorr PG-32S 
  Fig. 1. Schematic diagram of main and degassing flow loops 
Table 2. Dimensions of microchannels 
Parameter Unit 
Dimension [nominal]  
Straight fin Oblique fin 
Footprint area, A mm2 25 × 25 
Number of channels, Nch - 40 
Number of oblique fins, Nfin - - 585 
Channel width, wch mm 0.346 0.318 
Channel depth, Hch mm 1.185 1.185 
Fin thickness, tfin mm 0.262 0.292 
Oblique-cut width, wob mm - [0.15] 
Oblique angle, ș ° - 10 
  Fig. 2. Nominal dimensions of the oblique fins (in mm) 
  Fig. 3. Photograph of the oblique fins 
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4.1. Heat Loss Characterisation 
Detailed heat loss characterisation procedures, as described by Law et al. [7] are employed in the 
present study for both the microchannel geometries. Figure 4 shows their heat loss characterisation 
curves, together with the corresponding heat loss equations for the straight- and oblique-finned 
microchannels employed to calculate the effective heat fluxes. 
 
 
Fig. 4. Heat loss characterisation curves for (a) straight fins (b) oblique fins 
4.2. Measurement Techniques and Experimental Uncertainties 
The most downstream temperature sensor, which corresponds to the greatest degree of boiling, and 
inlet pressure transmitter measure and record the data at 25 Hz during the flow boiling process. This 
allows the fluctuations due to flow instabilities to be acquired. The accuracy of the flow sensor is 1.0% 
full-scale, RTD at 25°C is ±0.14°C and at 200°C is ±0.44°C, inlet pressure transmitter is ±0.08% full-
scale and the dimensions of the microchannel is at ±0.01 mm. 
5. Results and Discussion 
5.1. Temperature Instabilities 
Figures 5 and 6 show the wall temperature fluctuations in both the straight- and oblique-finned 
microchannels for two mass fluxes at low (during the onset of nucleate boiling) and high (just before the 
onset of critical heat flux) heat fluxes. For ease of comparison, the primary and secondary temperature 
axes have similar scales. The temperature fluctuations in straight-finned microchannels are more severe 
than its oblique-finned counterpart, at the given operating conditions. However, temperature fluctuations 
increase with heat flux for both microchannel configurations, indicative of a more unstable boiling. 
As observed by Wang et al. [8], channel wall temperature fluctuations are strongly related to the 
distribution of liquid and vapour caused by periodic flow reversal and rewetting. The recorded reduction 
in temperature fluctuations of the oblique-finned microchannels shows that it is able to prevent flow 
reversal, thus promoting a more stable flow boiling process. 
Furthermore, the oblique-finned configuration is able to maintain a lower wall temperature for a given 
heat flux. This better heat transfer performance is accredited to the stabilising effect of the oblique fins, as 
reported by Balasubramanian et al. [9], coupled with improved fluid mixing contributed by the secondary 
microchannels via the oblique cuts. These oblique cuts also play a major role in mitigating pressure 
instabilities, which will be seen in the next section. 
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Fig. 5. Wall temperature fluctuations at G = 175 kg/m2 s for low and high heat fluxes 
 
Fig. 6. Wall temperature fluctuations at G = 370 kg/m2 s for low and high heat fluxes 
5.2. Pressure Instabilities 
Figure 7 and Figure 8 shows the inlet pressure fluctuations in both the straight- and oblique-finned 
microchannels. Similar to the temperature fluctuation plots, the inlet pressure instabilities of the straight 
fins are more intense compared to the oblique fins. This improved stability is attributed as one of the 
factors for the enhanced heat transfer performance of the oblique-finned microchannels. This is further 
demonstrated by Kuan and Kandlikar [10], where they concluded that more a stable flow boiling process 
results in higher heat transfer. 
The inlet pressure fluctuations generally increase with heat flux as boiling gets more intense, 
particularly at low mass flux. The large fluctuations experienced by the straight fins in comparison to the 
oblique fins high heat fluxes are most likely due to the much earlier occurrence of partial dryout for the 
straight fins. The ability of the oblique-finned microchannels to “communicate” with their adjacent 
counterparts via secondary oblique cuts provides the stabilising effect [7]. As a result, sudden pressure 
spikes are very much absent from the oblique fin plots in Figures 7 and 8. 
Another role of these additional oblique-cut flow passages is that they allow nucleating bubbles and 
slugs an alternative pathway to escape from the microchannels [7]. As a result, vapour bubbles have a 
higher likelihood to exit the microchannels before they coalease, expand and ultimately, forming flow 
reversals. This provides an extra flow stabilisation feature for the oblique-finned microchannels over the 
straight-finned microchannels. 
3110   PMatthew Law and Poh-Seng Lee /  Energy Procedia  75 ( 2015 )  3105 – 3112 
 
Fig. 7. Inlet pressure fluctuations at G = 175 kg/m2 s for low and high heat fluxes 
 
Fig. 8. Inlet pressure fluctuations at G = 370 kg/m2 s for low and high heat fluxes 
6. Concluding Remarks  
This present study serves as a comparison between the oblique fins configuration with its straight fins 
counterpart in terms of their effectiveness in mitigating flow boiling instabilities. Some highlights of this 
study are listed below: 
1. Temperature and pressure instabilities in straight-finned microchannels are more severe than its 
oblique-finned counterpart. However, both the microchannel geometries experience an increase in 
instabilities with heat flux, indicative of a more unstable and rigorous boiling at high heat flux. 
2. The recorded reduction in instabilities of the oblique-finned microchannels shows that it is able to 
reduce flow reversal, thus promoting a more stable flow boiling process. This improved stability 
contributes to the enhanced heat transfer performance of the oblique-finned microchannels, reflected in 
the lower wall temperature for a given heat flux. 
3. The large fluctuations experienced by the straight fins in comparison to the oblique fins are most likely 
due to the much earlier occurrence of partial dryout at low mass flux for the straight fins. 
4. The roles of the oblique cuts in promoting a more stablised flow boiling process are two-fold: 
Allowing parallel microchannels to “communicate” with their adjacent counterparts thus mitigating 
sudden pressure spikes; Allowing nucleating bubbles and slugs an alternative pathway to escape from 
the microchannels before they coalease, expand and ultimately, forming flow reversals. 
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